Many behaviors require rapid and precisely timed synaptic transmission. These include the determination of a sound's direction by detecting small interaural time differences and visual processing, which relies on synchronous activation of large populations of neurons. In addition, throughout the brain, concerted firing is required by Hebbian learning mechanisms, and local circuits are recruited rapidly by fast synaptic transmission. To achieve speed and precision, synapses must optimize the many steps between the firing of a presynaptic cell and the response of its postsynaptic targets. Until recently, the behavior of mammalian synapses at physiological temperatures was primarily extrapolated from studies at room temperature or from the properties of invertebrate synapses. Recent studies have revealed some of the specializations that make synapses fast and precise in the mammalian central nervous system at physiological temperatures.
INTRODUCTION
In this article, the factors that control the timing of a neuron's influence on its postsynaptic targets are dissected. An example of the influence a cell has on the firing properties of its postsynaptic target is found in the synapses between retinal and thalamic cells in the visual system of cats (1). This connection was examined by calculation of a cross-correlegram of the action potential trains of the two neurons (Figure 1 ). In this case, a retinal ganglion cell action potential precedes the firing of the thalamic neuron 38% of the time, reflecting a strong excitatory connection. This example illustrates two distinct aspects of timing: speed and precision. The speed of transmission, i.e. the delay between the firing of the retinal ganglion cell and the onset of firing in its target, is 2.1 ms. This delay is remarkably brief, particularly considering the fact that these two cells are separated by several centimeters. In addition, the duration of the influence on the firing of the postsynaptic cell is brief and precise, such that the thalamic cell fires in a window 400 µs in duration (width at half maximum).
To illustrate the distinction between precision and speed, two further examples are useful. First, consider the circuit in the barn owl responsible for sound localization. This circuit can resolve microsecond differences in the arrival times of sounds to each ear (2-4). This impressive capacity to preserve timing information is not correlated with speed, and the conduction delays in some of the axons in this circuit are long. Hence, this temporally precise circuit is not particularly fast. Although preservation of timing is most obvious in the auditory system (5-7), it is also important in other brain systems, including the cerebellum, hippocampus, and visual system (1, 8-11). Second, consider recurrent inhibition in local circuits. In area CA3 of the hippocampus, stimulation of a pyramidal cell can synaptically activate an inhibitory interneuron, leading it to fire an action potential and, in turn, inhibit its postsynaptic target. Remarkably, in this brain region, which is not noted for its speed, the total disynaptic delay is only 2.5 ms (12). This process is fast but need not be precise.
Here, we examine both the speed and precision of synaptic connections and determine what factors control the duration of the elevation of firing probability of the postsynaptic targets of a cell. We focus primarily on fast excitatory synapses in the mammalian brain. Many of the factors contributing to synaptic delays are highly temperature dependent (13-16), and we concentrate on physiological temperatures.
SEQUENCE OF EVENTS IN SYNAPTIC TRANSMISSION
The series of events by which neurons linked by fast excitatory synapses influence their postsynaptic targets ( Figure 2 ) provides a framework for understanding cross-correlegrams such as that shown in Figure 1 . After initiation near the soma (V soma ), an action potential propagates down an axon and, after a delay, reaches the presynaptic bouton. This delay depends on the length of the axon and the conduction velocity of the action potential. When the action potential invades the presynaptic terminal, it provides the depolarization (V pre ) required to open voltage-gated calcium channels. The time course of the presynaptic calcium current (I Ca ) is determined by a complex interaction between the presynaptic waveform and the properties of the voltage-gated calcium channels. Calcium entry increases the probability of vesicle fusion (P release ) such that, with a delay, neurotransmitter is released and activates postsynaptic receptors.
Each vesicle elicits a miniature excitatory postsynaptic current (mEPSC), and the summated effect of a number of released vesicles results in the EPSC. The synaptic current depolarizes the postsynaptic cell (V post ) and, if the cell reaches threshold, as in Figure 2 , causes it to fire an action potential. Below we discuss each of these steps in detail.
Conduction Delay
In considering the time required for an action potential to propagate from the initial segment of the axon to the presynaptic terminal, the properties of myelinated and unmyelinated fibers must be considered separately (17-19). Local connections within a brain region are usually made via unmyelinated axons, and the conduction velocities of such fibers are typically less than 2 m/s (20, 21). Cells separated by greater distances are usually connected by axons that are Figure 2 Schematic of events in fast excitatory synaptic transmission. Once an action potential is fired at the cell body (V soma ), it propagates into the presynaptic terminals (V pre ) and generates a calcium current (I Ca ). A rise in calcium concentration near the release site increases the probability of vesicle fusion (P release ). Released neurotransmitter generates an excitatory postsynaptic current (EPSC) that depolarizes the postsynaptic cell (V post ) and causes it to fire an action potential. myelinated in order to increase the propagation speed of the action potential. Myelinated fibers display a wide range of conduction velocities, ranging from several to hundreds of meters per second (21). Internodal distances, the diameter of the axon, and a number of other factors control the conduction velocity (17-20, 22). As a myelinated fiber nears its targets, it loses its myelination, and the conduction velocity through this segment is substantially reduced, thereby increasing the conduction delay.
In many instances, the conduction delay is a significant fraction of the total delay between the firing of a cell and the influence it exerts on its postsynaptic target. This is the case for the cell pair in Figure 1 , where the conduction velocity of 30-40 m/s (23) accounts for 0.5-0.75 ms of the delay between the firing of these cells. For connected neurons in close proximity to each other, conduction delays are brief. With a conduction velocity of 0.4 m/s, an axon of 40 µm would have a conduction delay of 100 µs. Such short conduction delays contribute to the speed of disynaptic responses in local circuits.
In some brain areas, the conduction velocity of an axon is finely tuned to preserve timing information. In the auditory system, where axons serve as delay lines that precisely control spike arrival time, conduction velocities may be tightly controlled by regulating internodal distances (4, 24). Furthermore, in the projection from inferior olive to cerebellum, axonal conduction velocity is set to ensure the synchronous activation of Purkinje cells (8).
Presynaptic Waveform
The waveform of the action potential in presynaptic terminals is a crucial determinant of the strength and timing of synaptic transmission. Judging from recordings made in cell bodies, action potential width and amplitude vary considerably among different cell types. This is true even among cortical neurons, as illustrated by intracellular recordings. For example, in a class of cortical cells known as chattering cells, action potentials are, on average, 310 µs in duration (width at half maximum), whereas in regular spiking cortical pyramidal cells action potentials are 620 µs in duration (25) . The shape of the action potential can also be use-dependent (26, 27) and can be modulated by chemical messengers (28, 29) .
Differences in geometry and in the complement of ion channels will result in the waveforms in presynaptic boutons being different from those measured at the cell body. Broadly speaking, two classes of presynaptic boutons are important when considering what determines the action potential waveform (30, 31) . First, at en passant synapses, the presynaptic boutons are part of the axon, like beads on a string. In this case, as the action potential propagates down the axon, it passes through the boutons, and the membrane voltage is described by the wave equation
where V m is the membrane potential, θ is the conduction velocity, and I m is the transmembrane current. Second, other presynaptic boutons are the terminal outpouchings of branches of the axon, and the action potential terminates when it invades the terminal. In this case, the action potential in the presynaptic terminal is similar to the nonpropagating action potential, which is described by the equation
where I i is the ionic current.
The dependence of these equations on the geometry of the bouton, coupled with the observed variation in the waveform of somatic action potentials, suggests there is likely to be considerable variation in the shape of action potentials in presynaptic boutons. However, precise measurements of presynaptic waveforms is difficult, and there are very few recordings of presynaptic action potentials in the mammalian central nervous system (CNS) at physiological temperatures. For many preparations, the arrival of the presynaptic action potential can be detected with extracellular methods (13, 32); however, these do not provide precise information on the shape of the presynaptic waveform. Some of the first recordings of action potentials in presynaptic terminals were made at squid giant synapse. The large size of the presynaptic terminal allowed direct measurement of the presynaptic waveform with an intracellular electrode (33) . In a few special cases it has been possible to take a similar approach to synapses in the mammalian brain under physiological conditions. For calyceal synapses, which have particularly large presynaptic terminals, it is possible to record presynaptic potentials (34) . At the calyx of Held, in one of the few examples of an action potential recorded from a presynaptic terminal near physiological conditions (36 • C), the action potential started from a resting potential of −80 mV, had a rapid rate of rise and a slower decay rate, and was 110 mV in amplitude with a half-width of 260 µs (35) .
Presynaptic boutons associated with en passant synapses are typically small (<1 µm in diameter), and it is not feasible to monitor their membrane potential with intracellular electrophysiological techniques. However, presynaptic waveforms can be measured using voltage-sensitive dyes (14, 36-38). Potentiometric indicators, such as the styryl dyes, partition into the membrane and respond rapidly (less than 1-µs delay) to changes in membrane potential (39) . By this method, the action potential waveform can be recorded from presynaptic structures in a synchronously activated axonal projection. In parallel fibers from cerebellar granule cells, presynaptic waveforms have a half-width of 350 µs at 34
• C (14, 40). One limitation of this method is that only the action potential time course and not its amplitude can be measured. The magnitude of the action potential in the presynaptic boutons may be smaller at physiological temperatures than at room temperature. Reduction of amplitude with increased temperature has been found for other propagating action potentials (15, 41). At elevated temperatures, potassium channels activate more quickly, and they become so effective at repolarizing the action potential that they can reduce the amplitude of the action potential.
Time Course and Timing of Presynaptic Calcium Entry
Classic studies showed that the delay between action potential invasion and calcium entry is a major contributor to the total synaptic delay at the giant synapse of squid (42) (43) (44) . The timing and amplitude of calcium entry are determined by calcium channel kinetics and by the driving force for calcium influx. Each of these factors is explored separately below.
Surprisingly little is known about calcium channel kinetics at physiological temperatures in the CNS. Most studies of calcium channel opening kinetics have been done at room temperature, where reported rates of activation vary greatly (42, (45) (46) (47) (48) (49) (50) (51) (52) . Figure 3 shows the time constant of channel opening and closing as a function of voltage, as reported in several studies of calcium channel kinetics that were performed near room temperature (18-24
• C). Calcium channel activation and deactivation rates are fastest at depolarized and hyperpolarized potentials and slowest near 0 mV. Activation time constants at depolarized potentials range from tens of microseconds to one millisecond. In two of the preparations in which vertebrate presynaptic calcium channels were studied in situ, the auditory hair cell and the calyceal synapse of Held, calcium channel kinetics are faster than those of channels from cell somas or invertebrates (49, 53) . In addition to innate differences in the properties of calcium channels in each preparation (54) (55) (56) , the variation in kinetics is due to the unusually high temperature dependence of calcium channel activation rates, with Q 10 in the range of 6-12 (16, 57, 58). Because of this steep and variable temperature dependence, extrapolating calcium channel kinetics at mammalian physiological temperatures from room temperature data is imprecise at best. What is clear, however, is that at physiological temperatures, calcium channels are fast.
The second major determinant of the time course of calcium entry into the presynaptic cell is the driving force for calcium influx as set by the shape of the action potential. The Nernst reversal potential for calcium current with 2 mM external calcium and 50 nM internal calcium is 130 mV, and therefore, the driving force for calcium entry will typically be 200 mV at resting membrane potentials and 100 mV at the peak of the action potential. Thus, as the membrane repolarizes, the driving force for calcium influx nearly doubles. Interestingly, the reported reversal potential for current through calcium channels is usually in the range of 40-70 mV, depending on the internal solution and whether calcium or barium is used as a charge carrier (16, 46, 49, 51, 59 ). This discrepancy from the values predicted by the Nernst equation is usually attributed to either the presence of contaminating outward currents through other ion channels or the flow of monovalent cations through calcium channels (60) . These changes in the reversal potential can have a large impact on the driving force for calcium entry at the peak of the action potential and, as shown in Figure 4 , can alter the timing of the presynaptic calcium entry. As a further complication, the calcium reversal potential may change during the action potential because of the build up of calcium near open calcium channels (61) (62) (63) .
Coupling of Presynaptic Waveform to Calcium Entry
The timing and magnitude of calcium entry is determined by the interplay between the presynaptic action potential and calcium channels. According to the classic view developed from studies of the giant synapse of squid, calcium influx occurs primarily during action potential repolarization (42, 44) . Similar results have been found at other preparations (14, 49, 54, 55, 64-67) and have been explained with an analogy to calcium tail currents. As shown in Figure 5A , in a simulation of a voltage-clamped cell with calcium currents isolated, a step depolarization to the calcium reversal potential will generate a calcium current only on the return to negative potentials. During the step to the calcium reversal potential, calcium channels open, but there is no driving force for calcium influx. However, on stepping back to negative potentials, the driving force is suddenly large, and there is a transient calcium current, the tail current. Similarly, during an action potential, calcium channels begin to open as the cell depolarizes but, as their kinetics are slower than those of sodium channels, relatively few will open before the peak of the action potential ( Figure 5B ). By the peak of the action potential, a significant number of calcium channels will have opened, but the calcium current will be small because of the proximity of the membrane voltage to the calcium reversal potential. As the cell begins to repolarize, the driving force for calcium influx increases, and there will be a period during which calcium channels are still open and the driving force for calcium entry is large. Once the membrane potential has returned to resting levels, the calcium channels close and calcium influx ends. According to this scheme, a major component of the synaptic delay is the time taken for the action potential to repolarize, and the calcium channel kinetics play only a minor role in determining the synaptic delay.
There have been few investigations of calcium channel activation by presynaptic waveforms in mammalian synapses at physiological temperatures. One such study was performed at the calyceal synapse of Held at 36
• C (44). The calcium current evoked by an action potential had a half-width of 170 µs, thus providing an impulse-like signal to trigger vesicle release that may enhance the ability of this synapse to preserve timing information. Calcium entry lagged the action potential by 200-250 µs and was restricted to the falling phase of the action potential, which is consistent with the classical model of calcium entry.
Some mammalian synapses depart from this classical view at physiological temperatures (14, 40). Using optical methods to determine the time course of calcium entry revealed that rapid calcium channel opening leads to calcium influx during the depolarizing phase of the action potential in cerebellar granule cell presynaptic terminals at 34-38
• C. There was a delay of just 90 µs between the start of the presynaptic action potential and the beginning of calcium entry. The calcium current in these presynaptic boutons was well approximated by a gaussian with a half-width of 340 µs at 34
• C. Electrical recordings of calcium currents in Purkinje cells produced by action potential-like waveforms also show that at 35
• C, calcium currents are rapid and significant calcium influx occurs before the peak of the action potential (68) . Such timing of calcium entry may be representative of what occurs at many synapses in the CNS, where propagating action potentials and en passant synapses are common.
When the variability in the geometry of boutons, the waveforms of the presynaptic action potentials, and the properties of the calcium channels are considered, it is not surprising that the timing and duration of calcium entry should vary among preparations. The calcium current is always determined by a combination of calcium channel kinetics and the driving force for calcium entry. It is an oversimplification to attribute the timing of calcium influx solely to either of these factors. This is illustrated in Figure 5B , where the predominance of calcium entry during the falling phase of the action potential is a consequence of both continued calcium channel opening and increased driving force. At all temperatures, increased driving force during spike repolarization accentuates calcium influx during the downstroke of the action potential. However, at high temperatures, the speed of calcium channels and the properties of propagating action potentials allow for significant calcium entry before spike repolarization at some synapses.
The interplay between the waveform and the activation kinetics of calcium channels not only determines the time course of calcium influx, it also dictates what fraction of calcium channels open in response to an action potential, which has important implications for neurotransmitter release and synaptic modulation (37, (69) (70) (71) (72) (73) (74) . Figure 6 shows a simulation of calcium channel activation by action potentials of different durations for slow-and fast-activating calcium channels. These channels differ only in that the fast channels have rate constants four times faster than the slow channels. For the slow channels, only a small fraction of channels open in response to a single action potential, and as the action potential is broadened, more channels open and the current becomes larger and longer-lived. Similar experimental results have been found at squid giant synapse (47) . In contrast, for the faster-activating channels, broadening the action potential does not increase the magnitude of the calcium current but merely prolongs it (37, 66, 75) . This indicates that a single action potential opens the majority of calcium channels, as has been shown in cerebellar granule cell presynaptic boutons and at the synapse of Held at room temperature (37, 49 
Delay Between Calcium Transients and Postsynaptic Conductance Changes
A number of steps occur between calcium entry and the postsynaptic response: (a) Calcium must diffuse from the calcium channel to the release site, (b) the vesicle must fuse, (c) neurotransmitter must diffuse across the cleft, and (d ) neurotransmitter must bind to and open ligand-gated ionotropic receptors. Several experimental findings suggest that the steps involving diffusion (a and c) do not contribute significantly to the delay between calcium entry and the postsynaptic response. First, the distances are small: Calcium channels associate directly with molecules involved with release (73, 76, 77) , and the distance across the synaptic cleft is 100-200Å. The delay introduced by diffusion can be estimated by using the equation for the characteristic time of diffusion, t = x 2 /2D. With a diffusion coefficient, D, of 10 −5 cm 2 sec −1 , the total delay introduced by diffusion is less than a few microseconds. Moreover, the observed temperature dependence of the delay between calcium entry and release of neurotransmitter is high (Q 10 = 3.4) (14). This is inconsistent with diffusion, which is not very temperature sensitive (Q 10 < 1.2), contributing significantly to the total delay (60) .
Several powerful techniques are available to study the coupling of calcium to vesicle fusion (78) . Caged calcium provides a means of directly controlling intracellular calcium levels to trigger release (79, 80) . This technique bypasses the need to open voltage-gated calcium channels and avoids the complications introduced by spatiotemporal concentration gradients. It is also feasible to monitor neurotransmitter release without the need for a postsynaptic cell: Vesicle fusion can be detected by evanescent wave microscopy (81) or by measuring the changes in cell capacitance associated with vesicle fusion (82) (83) (84) (85) , and released neurotransmitter can be detected electrochemically (86) (87) (88) . The combination of capacitance measurements and caged calcium has been particularly illuminating for bipolar neurons of goldfish, where the calcium dependence and precise timing of release has been determined (82, 89, 90) . However, these techniques have not been applied to mammalian synapses at physiological temperatures.
Much of what we know about the timing of transmission was first demonstrated by Katz & Miledi at the frog neuromuscular junction. They found that following an action potential, miniature excitatory postsynaptic currents (mEPSCs) were observed in the postsynaptic cell starting 0.5 ms after stimulation and continuing for several milliseconds afterward (32) . Similar evidence that release is asynchronous has been found at many types of synapses in the CNS (64, 91, 92) . Studies of this sort also demonstrate the rapid response of ligand-gated channels to vesicle fusion. Each mEPSC reflects the response of a postsynaptic cell to the fusion of a single vesicle. Typically, the rise time of an mEPSC mediated by α-amino-3-hydroxy-S methyl-4-isoxazolepropian acid (AMPA) receptors is rapid and receptor kinetics are sufficiently fast that it is difficult to resolve any delay from the elevation in neurotransmitter levels to the response of an AMPA receptor (93) (94) (95) (96) (97) . Thus, receptor kinetics are unlikely to make a significant contribution to the delay between calcium increases in the presynaptic cell and postsynaptic responses. The latency is likely to be dominated by the time needed to trigger vesicle fusion. In rats, this delay has been estimated to be approximately 60 µs at physiological temperatures for the granule cell to stellate cell synapses in the cerebellum (14, 40) and 150-200 µs at the calyx of Held [estimated from studies by Borst et al (35, 49) ].
Receptor kinetics are, however, likely to make a significant contribution to the time course of the EPSC (93-97) because the falling phase of a mEPSC is often determined by the rate of receptor deactivation. At synapses where each vesicle contributes independently to the response of the postsynaptic cell, the time course of the EPSC is given by the convolution of the timing of vesicular release and an mEPSC (91, 92) . This is illustrated in Figure 7A , which shows an average mEPSC, the probability distribution of vesicle fusion as a function of time, and the resulting time course of the evoked EPSC. The effect of asynchronous release is to broaden the evoked EPSC relative to the mEPSC. Thus, in considering how a presynaptic calcium signal is translated into a postsynaptic response, the dominant factors are the time course of the increase in probability of vesicle fusion and the shape of the mEPSC. Synapses must combine rapid increases in release probability with rapid mEPSCs to achieve rapid EPSCs.
It is instructive to consider these factors in the context of various types of contacts found within the CNS. The number of vesicles that fuse in response to an action potential depends on the probability of release and the number of release sites. Many neurons in the CNS are connected by single release sites and an action potential will trigger the release of either one vesicle or none, and there will be jitter in the timing of the resulting evoked EPSCs (98, 99) ( Figure 7B ). Other synapses are comprised of a small number of release sites so that few vesicles will fuse following an action potential, and consequently there will be variability in the number of mEPSCs contributing to the EPSC and in the timing (A) At synapses where the contribution of each released vesicle to the EPSC is independent, the EPSC (right) is given by the convolution of the probability of release time course (middle) and the miniature (m) EPSC (left). In this example, the mEPSC has a time constant of decay of 300 µs, and the probability of release has an integrated release probability of 0.28 per site. EPSCs were calculated by convolving a mEPSC with the summed, randomly generated release distributions of (B) 1, (C ) 5, or (D) 200 release sites each with the profiles depicted in (A). The vertical scale in D is 15 times the vertical scales of B and C. of the EPSC (as shown in Figure 7C ). Still other connections are comprised of hundreds of release sites and the EPSC observed in the postsynaptic cell is more stereotyped (64, 100), although there is some variability in the response ( Figure 7D ). Clearly, large suprathreshold synaptic inputs with little amplitude variability will be more effective at preserving timing information by eliciting reproducibly timed postsynaptic action potentials.
Many experiments have been conducted that provide information on the delay between action potential invasion and the response in the postsynaptic cell without distinguishing between the delays from action potential to calcium entry and calcium entry to postsynaptic response. At the mammalian neuromuscular junction, the total synaptic delay is 210 µs at 35
• C (101). At 38
• C, monosynaptic EPSPs in motorneurons show a delay of 300 µs (102) . For calyceal synapses of Held in the medial nucleus of the trapezoid body, the delay is 400 µs at 36
• C (35) . At the granule cell to stellate cell synapse in the cerebellum of rats, the delay is 150 µs at 38
• C and 300 µs at 33
• C (14).
Properties of the Postsynaptic Cell and Spike Generation
The manner in which a synaptic connection shapes the firing pattern of its target is greatly influenced by the properties of the postsynaptic neuron. In the simplest case, where the cell is considered as a single compartment without active conductances near its rest potential, the depolarization of the postsynaptic cell will depend on its passive membrane properties. The resistance (R) and capacitance (C) act to low-pass filter the response of the postsynaptic cell with a time constant τ = RC. The resistance of a neuron can be highly voltage dependent and thus the filtering properties of a neuron can be easily tuned (103) . A number of studies suggest that some cells achieve the capacity to rapidly change membrane potential by virtue of having low resting resistances; this may be an important factor in the ability of a cell to distinguish closely timed synaptic inputs and act as a coincidence detector (9, 104). Action potential firing will occur when the membrane voltage crosses a threshold determined by the properties of the sodium current. This simple case is adequate to describe the influence of synaptic contacts that are located near the cell soma, as is often the case for synaptic contacts in the auditory system that are particularly good at preserving timing information. The synaptic inputs of most neurons are distributed over large dendritic trees, whose complex morphological and electrical properties make spike initiation more difficult to understand (105) (106) (107) (108) (109) (110) . The passive properties of dendrites shape synaptic inputs such that inputs to distant dendritic regions are filtered, leading to an attenuated and delayed response at the soma (111, 112) . The complement of ion channels present shapes the response of a neuron to synaptic activation. For example, outward rectification can prevent firing of more than one action potential, even in response to large synaptic inputs, and activation of calcium channels and noninactivating sodium channels can prolong the firing of the postsynaptic cell. Furthermore, dendrites can support action potentials (113, 114) . Simulations based on realistic geometries and reasonable channel densities illustrate that, in principle, dendrites can serve a variety of functions, including coincidence detection (110) and can exhibit a great variety of behaviors. It is, however, extremely difficult to delineate the density and distribution of channels sufficiently to predict the manner in which a neuron with an extensive dendritic tree will respond to synaptic inputs.
Another approach is to study empirically the relative timing of synaptic activation and action potential initiation. For example, to determine how synaptic inputs shape the firing of cat motorneurons, the time courses of the EPSP and of the increase in firing probability were compared (115) . For large synaptic inputs, the increase in firing rate lagged behind the start of the EPSP by 300-400 µs and was similar in time course to the first derivative of the EPSP. This is consistent with the neuron reproducibly reaching its firing threshold during the rising phase of the EPSP (116) . The delay between the EPSP and the firing of the postsynaptic cell reflects both the propagation delay imposed by the dendrites and the time required for somatic voltage-gated sodium channels to initiate a spike. For smaller inputs, the increase in firing rate lags behind the start of the EPSP by 400-650 µs and has a time course intermediate to those of the EPSP and its derivative (108, 115, 117) .
SUMMARY
A number of factors have been discussed that determine the time course of a neuron's influence on its postsynaptic targets. We focused our attention on mammalian synapses at physiological temperatures and considered each of the steps in synaptic transmission separately. In long projection neurons with myelinated axons, the propagation time of action potentials from the soma to the presynaptic terminals can contribute substantially to the synaptic delay, whereas in local recurrent connections conduction delays are brief. The waveform of the action potential varies greatly among different neurons and from soma to presynaptic terminal and plays a crucial role in determining the time course and magnitude of calcium entry. In different preparations, the delay from action potential invasion to calcium entry is determined either by the activation kinetics of calcium channels or by the timing of action potential repolarization. These differences result in large variations in the time course of calcium entry and in the speed of synaptic transmission. Following calcium entry, there is a brief delay to neurotransmitter release set by the time required for vesicle fusion. Lastly, the change in firing probability of the postsynaptic cell is determined by a complicated interaction between the spatial configuration of the synaptic inputs and the properties of somatic and dendritic conductances.
By keeping axons short, allowing calcium entry during the rising phase of an action potential, and by having rapid vesicle fusion, synaptic delays are reduced and local circuits can operate quickly. In contrast, precise synaptic timing is ensured by tight control of axonal conduction velocity, brief mEPSCs, and large suprathreshold synaptic inputs with minimal variability in amplitude. Further studies of the properties of mammalian synapses at physiological temperatures are needed to better understand the specializations that tailor synaptic timing to the needs of particular neuronal circuits. 
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